In a sodium-cooled fast reactor development, coupled phenomena of thermal-hydraulics and chemical reaction of sodium and water vapor are of importance from the safety viewpoint.
The SWR experiment is decided based on the numerical simulation. To obtain a stable reaction flame and to measure the temperature and reaction product distributions, the flow field in the experimental cell needs to be optimized. The numerical simulation is useful for designing experiments of complex phenomena and for obtaining the data. The computations are compared with experimental data. It has been demonstrated that the computational fluid dynamics code coupled with chemical reaction well predict the SWR. 
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INTRODUCTION
In a sodium-cooled fast reactor (SFR), liquid sodium is used as heat transfer fluid to carry the energy from the reactor core to the steam generation system. The liquid sodium has an excellent heat transport capability and a large safety margin to the boiling point (1153K) at an atmospheric pressure. On the other hand, it has chemical reactivity in contact with water vapor. One of the design basis accidents of the SFR is the water leakage into liquid sodium through the heat transfer tube of steam generators, i.e., sodium-water reaction (SWR).
Consequently, coupled phenomena of chemical reaction and thermal-hydraulics of sodium and water vapor are of importance from the safety viewpoint. However, the SWR phenomena are generally complex and the experimental measurement technology is not well matured. Therefore, a numerical simulation is used to investigate the coupled phenomena and local quantities such as mass concentration, flow velocity, temperature.
The SWR initiates from the structural failure of the sodium-water heat transfer tube of steam generators. The pressure of the water side is approximately 17 MPa and that of sodium side is 0.2MPa. The temperatures in the sodium side are 625K and 743K for cold leg and hot leg, respectively. Therefore, sudden influx of the water into liquid sodium takes place and the water vaporizes and expands in quite a short time.
According to Takata and Yamaguchi (2005) , there are two chemical reaction types, i.e. a surface reaction and a gas-phase reaction. In the initial phase of the SG tube rupture, the temperature is well below the sodium boiling point (1100K). Therefore, the water vapor and liquid sodium react at the gasliquid interface. Subsequently, the liquid sodium is heated up by the reaction heat and the local temperature approaches to the sodium boiling point. At this stage, sodium vaporizes and the gas phase reaction takes place. This paper deals with numerical simulation of the SWR in the gas phase. It is advantageous to study the gas-phase reaction to understand the characteristics of the SWR. In the gas-phase reaction, one can calculate spatial distributions of the reactants and product as well as temperature by solving conservation equations.
For validating the numerical method, for the SWR phenomena and the thermal-hydraulics, a counter-flow diffusion flame experiment was performed. Numerically obtained spatial distributions of physical variables are compared with the experimental measurement. The outline of the experiment is as follows. A liquid sodium pool is heated to evaporate the sodium. Above the liquid pool surface, a nozzle with flow straightening orifice is installed. Through the nozzle, water vapor diluted by argon gas flows out toward the sodium pool surface. Hence a counter flow and diffusion flame are formed between the pool surface and the flow nozzle. Spatial distributions of chemical reactants and products, airborne particulates, gas temperature are measured.
COMPUTATIONAL MODEL
In the computer program, Navier-Stokes equations and chemical reaction equations are solved interactively. In addition, a dynamic equation of airborne particulates is coupled with the basic equations of thermal hydraulics. A source of the particulates is the chemical reaction products, i.e. sodium hydroxide and sodium oxide. The pressure equation is solved by the SIMPLE method.
Governing equations
Governing equations for thermal-hydraulics are described. Taking the Reynolds average of the conservation equations, one obtains time-averaged equations as follows:
Momentum conservation equation:
Conservation equation of chemical species:
Energy conservation equation:
where / / grad D Dt t = ∂ ∂ + ⋅ u and t denotes time. ρ , p and T are the mass density, the pressure, and the temperature of the mixture gas, respectively. u is the velocity vector and i u is its i-th component. Assuming the gradient-diffusion hypothesis, the Reynolds stress i j u u ′ ′ and the turbulent heat flux i u T ′ ′ are defined using the turbulent viscosity and the turbulent thermal diffusivity. The equations for the turbulence energy and the energy dissipation ratio are based on those for the lowReynolds number two-equation model proposed by Yang and Shih (1993) that is a variation of Jones and Launder (1972) model. A zero-equation model is used with regard to the temperature field. According to the recommendation by Miyata (1995) , Wassel-Catton equation is used for the turbulent Prandtl number. The functions and parameters appearing in the turbulence model are given by Yang and Shih (1993) and Miyata (1995) .
Aerosol dynamics
Aerosol dynamics should be appropriately solved and total amount of aerosol released to the atmosphere of the reactor building chambers is to be quantified. Levitating aerosols are radiative that influences reaction heat allocation from the flame to the atmospheric gas and the sodium pool. A gas absorption coefficient of the radiation energy is dependent on the aerosol concentration and the size distribution shape. Furthermore, the sodium combustion aerosols are caustic on plant components and systems.
These are the reason that understanding of the aerosol behavior is of importance from the viewpoint of the safety evaluation of sodium-cooled fast reactors.
For evaluating the aerosol behavior, the evolution of a size distribution is calculated by solving the following general dynamic equation:
where ( ) n v is the number density of the aerosol with its volume v . v ′ is a dummy variable that goes from 0 to ∞ in the integration terms. β  and S are the coagulation rate and the production term by combustion as a function of the aerosol volume, respectively.
Aerosols are transferred in a thermal-hydraulic field by convection, diffusion, thermophoresis diffusiophoresis, and gravity fallout. In the transfer process of the aerosol mass, coagulation and sedimentation are major mechanisms of the change in the aerosol size distribution. The Brownian movement, the velocity difference of two aerosol particles, and the turbulence are the mechanisms for the coagulation. Gelbard and Seinfeld (1980) give details of the modeling of the coagulation process that is used in the present model.
The second term in the left hand side of Eq. (5) is the advection term due to the gas velocity. In this equation, ( ) u C v is the Cunningham correction factor to explain slip effect for smaller diameter particles than the mean free path of the gas. The third term in the left side of Eq. (5) represents mass transfer caused by applied forces to the aerosols. U is the terminal velocity vector of particles in radial and vertical directions, which are expressed as: dif g tp dp
where the velocities with subscripts "dif", "g", "tp", and "dp" are contributions from Brownian diffusion, gravity, thermophoresis and diffusiophoresis forces, respectively. Mathematical expression for each term is given by Gelberd and Seinfeld (1980) and is not mentioned here. At boundaries such as a structural wall and pool surface, the mass flux in normal direction should equal the aerosol deposition rate. In the deposition calculation, Brownian diffusion, thermophoresis, diffusiophoresis, and gravity fallout are considered. Relative importance of the aerosol transportation mechanism is discussed in Yamaguchi and Tajima (2003) .
The aerosol source term is obtained based on the combustion rate evaluated by the chemical reaction model. One assumes that the statistical distribution of the primary aerosol diameter follows a lognormal distribution. Based on the past experimental observations (OECD/NEA, 1979), the count-median diameter and the logarithmic standard deviation are assumed to be 0.2μm and 2.0, respectively. The volume fraction of the aerosols is little and the interaction of the aerosols and the air flow can be neglected in the gas dynamics calculation.
Radiation Heat Transfer
The total gas mixture emissivity including aerosols is evaluated by Modak's radiative property model (Modak, 1979) .
where gas ε and a ε are the gas and the aerosol emissivity, respectively.
gas ε is calculated from the emissivity of the individual nontransparent gas with a correction for the overlapping of absorption bands from different gases. It can be assumed that the emissivity is equal to the absorptivity for aerosols.
a ε is evaluated according to Felske and Tien (1973) as a function of the local value of gas temperature, the mass density and the volume fraction of the aerosol. This method is applicable to soot-like absorbing particles that are small enough to produce negligible scattering.
Here we assume one-dimensional radiation heat transfer because we are dealing with pool surface phenomena. Using gas temperature in the i-th computational cell i T numbered from the pool surface, one obtains the following equations regarding the volumetric heat rate i Q of individual cell:
Here i L and i T are the cell size and local gas temperature, respectively, in the i-th computational cell. σ is the StefanBoltzman constant.
The same model of mixture gas emissivity as Eq. (7) is applied to each computational cell. The pool surface emissivity is influenced by surface conditions and 0.65 p ε = is assumed according to the measurement by Hashiguchi, et al (1978) . 
COUNTER FLOW DIFFUSION FLAME SWR Visualization of Counter Flow Diffusion Flame
To understand the SWR phenomena and to claim the validity of the numerical simulation method, a counter-flow laminar combustion experiment of SWR is designed. Simplified geometry of the experiment is shown in Fig. 1 . Figure 1 shows the schematics of the sodium-water counter flow experiment. A liquid sodium pool is heated up to 800K (less than the boiling point by 253K) so that the sodium evaporates slowly. The water vapor flows downward and is diluted by argon gas to 0.7 volumetric %. It is important to keep the water vapor density at very low value for visualizing the flame zone. Otherwise, we cannot see the experimental cell inside because it is filled with white smoke (reaction product aerosol of sodium hydroxide). A strainer made by sintered metal is installed at the exit of the mixture gas flow. The reaction zone exist in-between the sodium pool and the strainer. The duration time of the reaction can be adjusted by changing the pool temperature or water vapor mass flux.
The geometry of the experiment apparatus and the flow and temperature conditions are optimized based on the numerical results. Since the saturated vapor pressure of sodium is very low, the flame location tends to be close to the pool surface. It is important to lift the flame off the pool surface for the measurements.
However, trial-and-error process by a series of experiments is not practical to find out the best solution. Therefore, the flow and temperature fields surrounding the flame were optimized based on the numerical simulation. From the comparison of the numerical simulation and experimental observation, it has been found that the performance of the present simulation is satisfactorily accurate.
In the first trial of the experiment, the flame attached the pool surface at the peripheral and the liquid sodium was consumed within quite a short time. In addition most chemical reaction took place at the edge of the pool surface. It is unfavorable for visual observation of the reaction zone. Very low sodium vaporizing pressure is the reason that the reaction zone tends to adhere to the pool surface at the peripheral. Therefore effort has been devoted to detach the reaction zone from the pool or lift up the reaction zone at the pool peripheral above all.
To resolve this problem, we installed double guard flow at different radial distance from the sodium pool so that the flow field is optimized and lift the flame up a few millimeters above the pool surface. One guard flow is downward and the other is upward. The dilution of water vapor and the guard flow enable continuing reaction and easy visualization of the flame detached from the pool surface. Hence one can extend the reaction duration time as long as 20 minutes and achieve steady state combustion flame. It is long enough for the laser measurement and visualization of the thermal-hydraulic filed. Figure 2 is the photo of the reaction zone taken in the sodium-water counter flow experiment. The sodium pool diameter is 0.03 m. We can see the scattering of the laser beam from the levitating aerosols. The aerosol existing area is like "crown" shape. This state is maintained for long time and is very stable.
Fig. 2 Visualization of sodium-water reaction
Numerical Simulation of SWR
Figures 3 and 4 are the numerical results of the flow velocity field and aerosol mass concentration respectively in the experimental cell. The numerical simulation is performed in two-dimensional geometry assuming axis symmetry. Along the centerline of the sodium pool, the downward flow of diluted water vapor is given as a boundary condition at the exit of the sintered metal strainer nozzle. Downward argon guard flow is supplied surrounding the central water vapor flow as shown in Fig. 3 . The first guard flow is given to confine the sodium and water vapor in the reaction zone and to optimize the radial velocity distribution.
Another guard flow is located at the peripheral of the experiment cell. The direction of the second guard flow is upward (see Fig. 3 ). The second guard flow plays important role of lifting up the combustion flame.
Qualitative explanation of the flow field is given in the following. The temperature of the outside guard flow velocity is kept lower than the inner guard flow and the upward flow velocity is small. Therefore the flow direction turns to horizontal and goes toward the pool center. Then it turns upward flow at the peripheral of the sodium pool. The upward guard flow is useful to remove the reaction product aerosol to the upper right of the figure and to make the flame visible. 
Fig. 4 Aerosol mass concentration
In Fig. 4 , we can see the aerosol is dense above the liquid sodium pool. They move upward at the pool edge and are removed from the reaction zone. The distribution of the aerosol mass concentration is consistent with the flow field shown in Fig. 3 . The flow field is in a mixed condition of forced and natural convection. Then the flow field and aerosol distribution are influenced by the temperature distribution as well. To achieve the optimized flow field, the experimental condition (boundary condition of flow velocity and temperature) are decided based on the numerical simulation. It has been found from the comparison of Figs. 3 and 4 that the optimization procedure of the flow and temperature and the experimental design works very well.
Here, the region above the sodium pool and its peripheral indicated as the rectangular box in Figs. 3 and 4 is investigated further. Figures 5, 6 and 7 show the distribution of sodium vapor, hydrogen and aerosol mass with 0.5μm diameter in the above-pool region. The velocity field is shown in Fig. 8 .
H2O+Ar
Ar guard flow Na Pool The sodium vapor is supplied from the liquid sodium pool and exists just above the pool surface as shown in Fig. 5 . The sodium vapor disappears in a short distance from the pool surface and it does not reach to the upper part of the cell. It is seen at the pool peripheral that the layer of the sodium vapor becomes broad and less dense. It is caused by the circulating flow from the outer guard flow at the pool peripheral shown in Fig. 8 . Some part of the sodium vapor is carried away from the reaction zone according to the gas flow. From this figure, we can see the reaction zone is lifted upward in the pool peripheral.
Hydrogen exists in broad area as shown in Fig. 6 . The mass concentration is large at the reaction flame where hydrogen is generated. It is noted that the hydrogen is very diffusive and the broad distribution is observed.
In the numerical simulation, embryo (incipient aerosol generated by the combustion) diameter is assumed to be 0.5μm. As mentioned above, the aerosol diameter is divided into 20 groups from 0.5μm to 100μm in lognormal scale. Therefore, we may consider the distribution of the incipient aerosol shown in Fig. 7 corresponds to the reaction zone. The small aerosol is subjected to the forces in small scale such as thermophresis and diffusion. Being driven by the forces, they move upward and downward before they coagulate to grow larger. Hence the thickness of the aerosol cloud of the smallest diameter group is as large as 1 mm although infinite reaction rate is assumed in the present computation.
The velocity vector is shown in Figure 8 . This is the enlargement of Fig. 3 and the detailed flow field can be seen. The argon flow toward the pool center starting from the outer guard flow forms a velocity distribution of a boundary layer flow (lower right of Fig. 8) . It encounters the radial flow from the reaction zone at the pool edge and they are forced to change the direction upward. This is an important point to lift the flame up from the pool surface. Then the merged flow meets the downward inner guard flow which forces the merged flow to change the direction outward. This is the reason that the aerosol distribution is crown-shape as shown in Fig. 2 . With this process, the flow field is adjusted so that the flame zone is formed away from the pool surface and the reaction products are removed from the reaction zone. The combination of the two guard flows well works to establish the optimal flow field for continuous chemical reaction and easier visualization and measurement.
To investigate the chemical reaction and mass concentration in the reaction zone, numerical results of concentration distribution along the vertical axis at the pool center are shown in Fig. 9 . It is seen that the water vapor and sodium encounter at 1.6 mm above the pool surface where their mass concentrations approaches zero. As mentioned above, infinite reaction rate or flame sheet concept is assumed. Therefore no sodium vapor exists beyond the combustion flame at 1.6mm and no water vapor above 1.6mm. Fig.  9 , most of them are located between the combustion flame and the pool surface. Similar phenomenon is discussed by Yamaguchi and Tajima (2003) which deals with the sodium combustion phenomena. Small size aerosols are driven by the gradient of temperature and concentration fields, i.e. thermophoresis and diffusion. On the other hand, mobility of large size aerosols is dominated by the convection flow. So far as total mass concentration is concerned, large size aerosols are contributive. In the present experiment, the forced downward flow changes the direction to radial direction. The vertical downward flow is almost negligible below the flame where diffusion is the dominant phenomenon to mass transfer. Hence the aerosol is dense between the flame and the pool surface. Above the flame, the radial flow is influential which carry most of the aerosols out of the reaction zone. If the flow fields is controlled by natural convection as in the case of sodium combustion, one would observe great portions of aerosols come out of the reaction zone (in upward direction) and the experiment cell would be filled with white smoke.
Here the authors discuss a point concerning the validity of arguing the aerosol mass distribution from the photograph of laser scattering shown in Fig. 2 . The numerical simulation of the aerosol behavior is performed with discrete distribution of aerosol size. The laser scattering intensity can be evaluated according to various aerosol diameters. The intensity of laser scattering is a function of the particle diameter and is proportional to the volumetric fraction of particles. Hence the total intensity of the laser scattering is estimated by:
where total I is the total laser scattering intensity.
k s and k c are laser scattering intensity and volumetric fraction of aerosol with k-th diameter group, respectively. Figure 10 shows the intensity of the Mie scattering evaluated by Eq. (10). When we compare Fig. 10 and Fig. 4 that shows the contour of the aerosol concentration, it is confirmed that we can estimate the aerosol mass concentration from the luminescence of laser scattering. Therefore, it is affirmed that the laser scattering corresponds to the total aerosol mass concentration.
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Fig. 10 Intensity of Mie scattering
In summary from the numerical simulation, it has been found that the location (distance from the pool surface) of reaction zone is around 1.5-2.0mm from the pool surface. On the other hand, the reaction product aerosol ranges between the pool surface and the flame location. Most of the aerosol exists below the combustion flame.
In the experiment, existence of OH radical is measured by Laser-Induced Fluorescence (LIF) technique. Figure 11 shows the photo of the LIF measurement of OH fluorescence intensity during the sodium-water reaction.
In the reaction, the water molecule decomposes first of all to produce OH radical which bonds with Na molecule. Therefore, the chemical reaction takes place in the region where OH fluorescence intensity is high. The region is located in 2 mm from the liquid sodium pool surface. The thickness of the reaction zone is thin at the pool center and it becomes thicker as the diameter. In other words, the reaction zone is thin at the pool center where approaching water vapor velocity is the maximum. At the pool peripheral, the water vapor velocity is small and the reaction zone thickness is as much as several times of the value at the pool center. The aerosol mass concentration and the OH radical concentration are shown in the same photograph in Fig. 12 . It is a composite photo of Fig. 2 and Fig. 11 . The aerosol concentration is visualized by the scattering of the laser sheet from the aerosols. The OH radical are visualized by LIF technique. It is noteworthy that the reaction zone where OH radical exists is located above the aerosol. This result is consistent with the numerical results shown Fig. 9 . As can be seen from Fig. 9 , the flame sheet is located at 1.6mm above the pool surface. The aerosols distribute between the flame and the pool surface. The situation is almost the same as what we see from Fig. 12 . It is a new observation that the reaction region and airborne particulates production region are separated in space, which can be explained with the numerical simulation.
With regard to the SWR, one of the important points is the coupling phenomena of chemical reaction and thermal hydraulics. An assumption that we employ is that the chemical reaction rate is infinite, i.e. chemical equilibrium. As in Fig. 9 , the water vapor and sodium vapor disappear at a flame plane in the numerical simulation. From Fig. 11 the thickness of the OH radical seems to be an order of 1 mm. In the pool center, the reaction zone is thin and it gets thicker in the pool peripheral. The approaching velocity of water vapor flow is large at the pool center and becomes smaller in the pool peripheral as shown in Fig. 8 . Comparing Fig. 8 and Fig. 11 , it seems the reaction zone thickness is in proportional to the approaching flow velocity or mass flux of the reactants. Although further investigation is needed, the result suggests the sodium-water reaction rate can be inferred from this experiment by measuring the reaction zone thickness and investigating the relationship of the thickness and flow velocity or mass flux. In this context the first Damkohler number, Da can be referred. Da is defined as the ratio of the characteristic time of the convection flow and characteristic time of the chemical reaction.
Presently, the chemical reaction is assumed to take place in infinitely small time, i.e. Da is infinity.
CONCLUSIONS
Coupled phenomena of chemical reaction and thermalhydraulics of sodium and water vapor are studied in both numerical and experimental methods. A numerical simulation method has been developed for multi-dimensional multidisciplinary phenomena of the SWR. Furthermore, a counterflow diffusion flame experiment has been performed for understanding the SWR and related thermal-hydraulics. The numerical simulation results and the experiments are compared each other.
The developed numerical method has been validated for the complex phenomena of the gas flow, chemical reaction, temperature filed, and behavior of the chemical reaction product. It has been found that the reaction region and airborne particulates production region are separated in space, which can be explained with the numerical simulation.
In the experiment, it is difficult to obtain stable combustion flame. The flame needs to be lifted up from the pool surface and the duration time of the SWR has to be long enough for measurement. Therefore, the geometry of the experimental cell and the flow and temperature boundary conditions are optimized based on the numerical results. Although the SWR is a complex phenomenon, the numerical simulation is useful and helpful to obtain the qualified measurement.
